Saccharomyces cerevisiae, Caenorhabditis elegans, and various mammalian species. The members of this subfamily have a bipartite structure: a carboxyl-terminal half with the characteristic features of the mitochondrial solute carrier superfamily and an amino-terminal extension harboring various EF-hand domains. A member of this subfamily (that we have termed Aralar) was cloned from a human heart cDNA library. The corresponding cDNA comprises an open reading frame of 2037 base pairs encoding a polypeptide of 678 amino acids. The carboxyl-terminal half of Aralar (amino acids 321-678) has high similarity with the oxoglutarate, citrate, and adenine nucleotide carriers (28 -29% identity), whereas the amino-terminal half (amino acids 1-320) contains three canonical EF-hands. Aralar amino-terminal half was shown to bind calcium by 45 Ca 2؉ overlay and calcium-dependent mobility shift assays. The subcellular localization of the protein in COS cells transfected with Aralar was exclusively mitochondrial. Antibodies against Aralar amino-terminal fusion protein recognized a 70-kDa protein in brain mitochondrial fractions. Northern blot analysis showed that the protein was expressed in heart, brain, and skeletal muscle. The domain structure, mitochondrial localization, and presence in excitable tissues suggests a possible function of Aralar as calcium-dependent mitochondrial solute carrier.
The inner membrane of mitochondria harbors a set of carrier proteins for metabolite transport that constitute a superfamily of related proteins (1) . This superfamily is characterized by the presence of three repeated regions, each about 100 amino acids long. Each region contains a sequence motif (PX(D/E)Xh(K/ R)X(R/K)X 20 -30 )(D/E)GX 4 )a(K/R)GRG, where h is hydrophobic and a is aromatic (2) ) and a hydrophobic profile indicative of two transmembrane helices joined by an extensive hydrophilic region (1, 3) . Known members of this superfamily include the ADP/ATP carrier (4), the uncoupling protein (5) , and carriers for phosphate (6) , oxoglutarate/malate (7), citrate (8) , dicarboxylates (9, 10), carnitine (2) , and ornithine (11) . The characteristic sequence features of these carriers are also present in other proteins of unknown function, like MRS3 and MRS4 from Saccharomyces cerevisiae (12) , and the Grave's disease protein (13) among others (1) . These proteins have molecular masses of 28 -32 kDa and are purified by similar procedures (14) .
The genome of S. cerevisiae contains sequences for about 35 members of the mitochondrial carrier superfamily, including various isoforms of the carriers mentioned above (9, 15) . Sequence data base analyses carried out in this study revealed that the genome of Caenorhabditis elegans also contains genes for at least 20 members of the superfamily and other related sequences (16) . Three of these sequences (EMBL/GenBank accession numbers U00052, Z50873, and Z72511 (17)) code for the putative proteins Q21153, Q19529, and Q20799 (TREMBL accession numbers) containing sequence motifs corresponding to EF-hands, a property not described so far in members of the mitochondrial carrier family. EF-hands are calcium binding domains present in different calcium-binding proteins (18) . Their presence in a putative mitochondrial carrier protein opens up the possibility that the protein might be involved in the handling of calcium or in calcium-regulated metabolite transport in mitochondria. At present, the identity of the mitochondrial calcium carriers or calcium-regulated pores is still unknown (19) despite extensive efforts to characterize these proteins. A recent study (20) describes the molecular cloning of a peroxisomal Ca 2ϩ -dependent member of the mitochondrial carrier superfamily present in rabbit intestine, which probably represents a mammalian homologue of one of these sequences. In the present work we have cloned a Ca 2ϩ -dependent member of this carrier superfamily expressed in human heart, skeletal muscle, and brain. This protein is localized to mitochondria and binds Ca 2ϩ .
EXPERIMENTAL PROCEDURES
Sequence Search and Analysis-The SWISS-PROT and TREMBL protein data bases were searched with the amino acid sequence of YNL083W (21) as query utilyzing the search and analysis services from EBI, an outstation of EMBL available at the World Wide Web. The program used was FASTA (22) . Three sequences of putative proteins similar to YNL083W were found in C. elegans. One of these sequences, GenBank accession number U00052, (17) was used as query in a further search for similar DNA sequences in human expressed sequence tag (EST) 1 data bases. The TBLASTN and BLASTN programs ((23) National Center of Biotechnology Information (NCBI,), Washington, D. C.) were also used. We found a number of EST sequences derived * This work was supported by grants from the Spanish Direccion General de Investigación Científica y Técnica, Química Farmacéutica Bayer, S.A. and by an institutional grant from the Fundacion Ramón Areces to the Centro de Biología Molecular "Severo Ochoa." The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. Section 1734 solely to indicate this fact. from a single species of cDNA encoding a new gene similar to U00052: GenBank accession numbers T10239, T30626, R20037, AA166644, and Z36286. The sequence of Z36286 was used to generate a specific probe by polymerase chain reaction for screening a human cDNA library.
cDNA Cloning-A partial sequence of the human EST entry Z36286 (Geneexpress cDNA program) was amplified from human fibroblast total RNA. The cDNA negative strand was synthesized from 3 g of total RNA by using the reverse transcriptase from avian myeloblastosis virus (Promega) and oligo(dT) (Boehringer Mannheim) as primer. The polymerase chain reaction reaction was performed using the primers OL-4 (5Ј-GTGTTTCCTCCGAGACATTCCC-3Ј) and OL-2 (5Ј-CAGTCGATG-CACCACTGTATG-3Ј) as described previously (24) , generating a 231-bp-specific probe, OL2-OL4.
A human heart cDNA library in the excisable phage vector LambdaZap (Stratagene, La Jolla, CA) was screened with this probe. About 5 ϫ 10 5 recombinant clones were plated on Escherichia coli XL-1 Blue at a density of 5 ϫ 10 4 plaque-forming units/dish, and plaques were transferred to nitrocellulose membranes. Filters were prehybridized and hybridized under standard conditions (25) using [␣- 32 P]dCTP-labeled OL2-OL4 probe (see above). Positive clones were plaque-purified and rescued as recombinant plasmids from Lambda phage by coinfection with ExAssist helper phage, according to the supplier's instructions (Stratagene). A total of 21 positive cDNA clones were obtained. The two longest overlapping cDNAs clones, p21 and p5, were analyzed and sequenced. One shorter positive clone, p17, containing the 5Ј end of the cDNA was also partially sequenced. Double-stranded nucleotide sequencing was performed by the Sanger dideoxy chain termination method using the Sequenase system, version 2.0 (U. S. Biochemical Corp.) and ␣-35 S-dATP. Both strands were sequenced as EcoRI, PstI, or HindIII subcloned restriction fragments with universal primers and 20-mer oligonucleotides (Isogen) to fill remaining gaps. DNA sequences were analyzed using the GCG Wisconsin package.
Northern Blot Analysis-A human multiple tissue Northern blot containing 2 mg of poly(A) ϩ RNA/lane (CLONTECH) was hydridized using [␣-
32 P]dCTP-labeled OL2-OL4 probe for 16 h in 5 ϫ SSC (0.66 M NaCl, 0.08 M sodium citrate), 5 ϫ Denhardt's solution, 50% formamide, 0.1% SDS, and 200 mg/ml denatured salmon sperm DNA at 42°C. The filter was washed under high stringency conditions at 65°C in 1 ϫ SSC, 0.2% SDS for 30 min, followed by 0.1 ϫ SSC, 0.1% SDS for 30 min. The blot was stripped in 0.1% SDS at 100°C for 30 min and reprobed under identical conditions with a rat ␤-actin control probe.
Expression and Purification of the Amino-terminal Half of Aralar-An expression construct encoding a fusion protein of the amino-terminal half of Aralar with a 6-histidine tag at its amino terminus, His 6 -p37, was made. To this end, a 1.05-kbp BamHI/PstI restriction fragment from the Aralar cDNA (amino acids 12-343) was subcloned into pQE31 (Qiagen). Cultures of E. coli M15 strain transformed with either pHis 6 -p37 or pQE31 were grown at 37°C until A 600 ϭ 0.4 -0.6. Cultures were then induced with 2 mM isopropyl-␤-D-thiogalactopyranoside and grown for 4 h. Cells were harvested by centrifugation, and the pellets were stored at Ϫ70°C. Cells were lysed for 5 min in 8 M urea, 10 mM Tris-HCl, pH 8, 0.1 M NaH 2 PO 4 . After sonication, particulate material was removed by centrifugation at 10000 rpm for 10 min. The supernatant was added to a nickel nitrilotriacetate column (Qiagen). His 6 -p37 elution was performed under denaturing conditions with 8 M urea, 10 mM Tris-HCl, 0.1 M NaH 2 PO 4 , pH 4.5, and the eluate was analyzed by SDS-PAGE. The purest fractions were dialyzed in PBS (13.7 mM NaCl, 2.7 mM KCl, 4.3 mM Na 2 HPO 4 ⅐7H 2 O, 1.4 mM KH 2 PO 4 ) and lyophilized. The recombinant protein was stored in aliquots at Ϫ20°C.
To generate an Aralar-specific antiserum, the purified His 6 -tagged Aralar protein was injected into rabbits using standard immunization procedures. The antiserum was used at a 1:3000 dilution on Western blots and at 1:50 dilution in immunofluorescence studies.
45 Ca 2ϩ Overlay-Proteins were resolved in SDS-PAGE (12%) and transferred to a nitrocellulose membrane at a constant current of 100 mA for 1 h in Tris-glycine buffer (25 mM Tris, 192 mM glycine, 20% methanol, pH 8.3). 45 Ca 2ϩ overlay was then performed essentially as described (26) . The membrane was washed in IMK buffer (10 mM imidazole-HCl, pH 6.8, 5 mM MgCl, and 60 mM KCl) for 1 h with three changes of buffer and then incubated in the same buffer containing 10 Ci of 45 Ca 2ϩ /ml for 10 min. After incubation, the membrane was rinsed three times with 40% ethanol for 5 min, dried at room temperature for 3 h, and exposed to x-ray film for 24 h at Ϫ80°C.
Western Blotting-Protein extracts from heart and skeletal muscle were prepared for immunoblotting as described previously (27) . For Western blotting, membranes were blocked by incubation for 1 h with 5% skimmed milk (Molico, Nestle) in Tris-buffered saline (150 mM NaCl, 10 mM Tris-HCl, pH 7.5). After blocking, the membranes were incubated with anti-Aralar antiserum for 1 h at room temperature, washed three times with Tris-buffered saline, 0.1% Tween 20 for 10 min, and incubated for 30 min with horseradish peroxidase-conjugated goat anti-rabbit whole immunoglobulin (Nordic, 1:5000 in Tris-buffered saline, 0.1% Tween 20) . After washing, the enhanced chemiluminescence Western blotting detection reagent (Amersham Pharmacia Biotech) was added, and the reaction was allowed to proceed according to manufacturer's recommendations. Exposure to x-ray film was for 30 s at room temperature.
Construction of Aralar Mammalian Expression Vector-An eightamino acid Flag epitope tag (peptide DYKDDDDK) was introduced at the carboxyl terminus immediately preceding the termination codon of Aralar cDNA as follows. Two complementary oligonucleotides containing the Flag sequence and stop codon sequence (coding strand 5Ј-GACTACAAGGACGACGATGACAAGTGAG-3Ј and noncoding strand 5Ј-AATTCTCACTTGTCATCGTCGTCCTTGTAGTC-3Ј) were annealed, generating a 32-bp 5Ј-blunted and 3Ј-EcoRI-digested fragment, and then ligated with the 1.5-kbp EcoRI blunt fragment of Aralar, generated by polymerase chain reaction using the oligonucleotides ARA-4 5Ј-CTGAGTGGCTGCCACTGCTGC-3Ј (complementary to nucleotides 2044 -2064 in Aralar cDNA) and the reverse sequencing primer 1233 (U. S. Biochemical Corp.), followed by EcoRI digestion. Finally, both blunt EcoRI fragments were subcloned into pUC8 digested with EcoRI.
The expression vector carrying the 2-kbp complete Flag-tagged Aralar was constructed by inserting the HindIII/BstXI DNA fragment containing the 5Ј end of clone p17 and the BstXI/BamHI 0.8-kbp fragment of Aralar fusioned to Flag into HindIII/BamHI-digested cytomegalovirus promoter containing vector, pCMV5 (28), generating pCMV5Aralar. The construct structure was confirmed by sequencing.
Cell Culture and Transfection of COS-7 Cells-COS-7 cells were grown in Dulbecco's modified Eagle's medium containing 5% fetal bovine serum (Life Technologies, Inc.) at 37°C in a 7% CO 2 atmosphere. COS-7 cells were grown on poly(Lys)-coated glass coverslips in 6-cm diameter dishes and transiently transfected using the calcium phosphate precipitation method (29) . 15 g of pCMV5Aralar were used per dish. Cells were incubated with precipitated DNA for 6 h, and then media was replaced with fresh Dulbecco's modified Eagle's medium. After 16 -48 h of incubation to allow for Aralar expression, cells were fixed and processed for immunofluorescence.
Immunofluorescence Analyses-Cells were fixed in 4% paraformaldehyde in PBS for 20 min, rinsed with PBS, and incubated with NaBH 4 (1 mg/ml in PBS) for 10 min. Cells were then permeabilized with 0.2% Triton X-100 in PBS for 10 min and blocked in PBS, 1% bovine serum albumin for 1 h. Incubation with the primary antibodies anti-Flag (M2 IgG, Eastman Kodak Co., 1:100) or anti-Aralar (1:50) was carried out overnight at 4°C or at room temperature for 1 h. After washing with PBS, cells were incubated for 1 h with appropriate secondary antibodies, all at 1:200 dilution in 1% bovine serum albumin in PBS: FITCconjugated anti-rabbit donkey IgG (Amersham) or Texas red-conjugated anti-rabbit goat IgG (Vector) for the detection of Aralar and FITC-conjugated anti-mouse rabbit IgG (Southern) or Cy3-conjugated anti-mouse IgG (Sigma) for the detection of the Flag epitope with M2 monoclonal antibody. Cells were rinsed three times with PBS, and the coverslips were mounted on a glass microscope slide using Mowiol (Hoechst). Fluorescence microscopy was performed using an Axiovert epifluorescence microscope (Carl Zeiss) at a nominal magnification of ϫ100. To visualize peroxisomes and the endoplasmic reticulum, a polyclonal antibody against rat (kindly provided by Dr. J. M. Cuezva) or human (Biodesign) catalase or a polyclonal antibody against rat calreticulin (Affinity Bioreagents, Inc.) was used at a dilution of 1:50 and 1:200, respectively, together with appropriate secondary IgGs (Texas red-conjugated anti-rabbit goat IgG, Vector).
Mitochondria-specific Staining-For the study of mitochondrial location of Aralar, living cells were incubated with 500 nM MitoTracker Red CMXRos (Molecular Probes) for 30 min at 37°C and rinsed with prewarmed PBS. MitoTracker-loaded cells were fixed in 2% paraformaldehyde in PBS (room temperature, 4 min) and 100% methanol (Ϫ20°C, 3 min), washed, and then used for inmunofluorescence as indicated above.
Subcellular Fractionation-Mitochondria isolation from rat brain was performed as described (30) after a Ficoll gradient centrifugation of the P2 fraction. For Western analysis, samples of P2, mitochondria, and postmitochondrial supernatant were run on SDS-PAGE (10%). The proteins were transferred to nitrocellulose and treated as described under Western blotting subheading with anti-Aralar (1:3000) or anticatalase (1:3000) antibodies.
RESULTS
Isolation of Aralar cDNA-Our laboratory has been engaged for some time in the purification of calcium binding/transport proteins from mitochondria. Recently, during sequencing of the S. cerevisiae chromosome XIV, a new open reading frame, YNL083W, was found (21) . YNL083W encoded a putative protein of 494 amino acids (545 amino acids after frameshift correction (15) with characteristics of a mitochondrial carrier and a calcium-binding protein (21) . We made the assumption that proteins with these same characteristics might exist in other organisms and searched for similar proteins in the SWISS-PROT and TREMBL protein data bases The search revealed three sequences of putative proteins with these characteristics in C. elegans. One of these sequences, GenBank accession number U00052 (17) , corresponding to the largest of the three, was used as query in a further search for similar DNA sequences in human EST data bases. Several ESTs were found, and the sequence of one of them, Z36286, was used to generate a specific probe by polymerase chain reaction for screening a human cDNA library.
A human heart cDNA library (Stratagene) was screened with the Z36286-derived probe (see "Experimental Procedures"). A total of 5 ϫ 10 5 recombinant clones were plated and screened under standard conditions, yielding 21 positive cDNA clones, which all derived from the same transcription unit, as judged by Southern blot hybridization with the OL2-OL4 probe. The two longest overlapping cDNAs clones, p21 and p5, of 2949 and 2207 bp in length respectively, were analyzed, and both strands were sequenced. Representative shorter cDNAs were restriction-mapped; one was sequenced, and it contained a 30-bp additional coding sequence at the 5Ј end of the cDNA, not present in any of the other clones. The full-length cDNA is 2979 bp in length and has been designated Aralar, (Araceli hiperlarga) (see Fig. 1 ).
Amino Acid Sequence of Aralar-The cDNA of Aralar comprises an open reading frame of 2037 bp, followed by a 917-bp potential 3Ј-untranslated region that contains the putative polyadenylation signal (AATAAA), nucleotides 2939 -2943, and a poly(A) ϩ tail (see Fig. 1 ). The first amino-terminal ATG codon, nucleotides 24 -27, is very likely the true translation initiation codon because it is flanked by sequences that predict strong translational initiation (31) . The open reading frame encodes a predicted polypeptide of 678 amino acids with a calculated isoelectric point of 8.5 and a molecular mass of 74 kDa, which is in reasonable agreement with the value of 70 kDa estimated by SDS-PAGE and Western blotting using an anti-Aralar-specific antibody (see below and Fig. 7 ).
Similar searches with the Aralar nucleotide sequence in EST data bases revealed several new overlapping human ESTs corresponding to Aralar cDNA (W26963, AA148356, T33085, AA095588, AA480033, R20037, and AA479540) and also mouse ESTs (W82002, AA061416, AA499540, W36701, AA467504 and AA467688) with a high degree of similarity to Aralar at both the nucleotide (85% identity) and the predicted amino acid levels, particularly within the carboxyl-terminal region (ϳ95% amino acid identity). The predicted polypeptide sequence of Aralar displays two regions with different overall charges: a carboxyl-terminal region comprising 358 amino acids with a predicted pI of 10.5 and 35% polar residues and an amino-terminal extension of 320 amino acids with a predicted pI of 5.49 and 44% polar amino acids. The protein sequence exhibits 54.2% identity with C. elegans Q21153 (TREMBL), a predicted protein of 703 amino acids derived from the above-mentioned U00052 sequence (Fig.  1B) . The similarity between these proteins extends throughout the total amino acid sequence, suggesting that Q21153 is likely to be the C. elegans Aralar orthologue.
The carboxyl-terminal half of Aralar has also a substantial similarity with proteins of the mitochondrial solute carrier family (28 -29% identity between Aralar and human oxoglutarate/malate carrier, ADP/ATP translocase (ADT2), uncoupling protein (UCP1), and tricarboxylate carrier, SWISSPROT, accession numbers Q02978, P05141, P25874, and P53007, respectively, see Fig. 2 ), a similarity that in some cases, even exceeds that between these members of the mitochondrial solute carrier superfamily (24 -33% identity).
The hydrophobic profile of the mitochondrial carriers shows six potential membrane-spanning helices (1), with both amino and carboxyl termini of the protein and the loops between transmembrane (TM) regions II-III and IV-V possibly facing the cytosol. The carboxyl-terminal half of Aralar (amino acids 321-678) is also consistent with this arrangement of transmembrane domains (Fig. 3A) even though in Aralar, the region that corresponds to the sixth transmembrane helix is less hydrophobic than the others. The hydrophobic profile of Aralar and Q21153 are almost superimposable (not shown). An additional hydrophobic region with potential to form a transmembrane domain extends throughout the carboxyl-terminal 30 amino acids of Q21153 and is also present in Aralar (Fig. 3A) .
Searching the protein data bases with the amino-terminal half of Aralar (amino acids 1-320) revealed relationships with different Ca 2ϩ -binding proteins. It is 22-27% identical to Paramecium tetraurelia calcium-dependent protein kinase (TREMBL AF009560) and calmodulin (SwissProt P07463) or to a calcium-binding protein from painted sea urchin (SwissProt P09485). Residues 1-320 contain three canonical EF-hand domains (residues 27-38, 65-76, and 170 -181) and two other imperfect EF-hand domains (149 -160 and 99 -110). These EFhand domains are also conserved in the C. elegans Q21153 sequence. Fig. 3B shows an alignment of the putative EF-hand domains in these proteins.
Tissue-specific Expression of Aralar-Tissue distribution of mRNAs encoding Aralar was studied by Northern blot analysis. Samples of poly(A) ϩ mRNA isolated from different human tissues were analyzed with labeled probe specific for Aralar (Fig. 4) . Aralar was expressed predominantly in heart and skeletal muscle as two transcripts of 2.9 and 3.2 kb. The 2.9-kb transcript is the most abundant and fits with the size of the cDNA. Weak expression of Aralar was also detected in the brain and at very low levels in kidney. An additional weak band corresponding to about 7 kb was also observed in these same tissues. No expression was detected in lung, liver, and placenta. As expected, the tissues expressing Aralar are also those from which are derived most of homologous human and mouse ESTs found: heart (human ESTs AA095588, AA480033, and Z36286 and mouse ESTs AA499540, AA467504, and AA467688) and brain (human ESTs T33085, T10239, Z43182, and AA166644).
The presence of the two transcripts of 2.9 and 3.2 kb in the same tissues might indicate the possibility of differential polyadenylation and/or transcription start sites or alternative pre-mRNA splicing at the 5Ј or 3Ј ends of the mRNA. We have not been able to extend the cDNA sequence of Aralar any further on either its 5Ј or 3Ј ends, and we cannot rule out that additional in-frame ATG codons and/or other polyadenylation signals exist. The possibility that the Northern blot assay recognizes an Aralar homologue that is also expressed in heart and is 60 -70% identical to Aralar at the nucleotide level (EST AA199865, AA722812, and AA410516) is less likely, since the hybridization conditions were extremely stringent, the exposure time was short (6 h), and the two transcripts are represented in similar relative amounts in all the tissues where they were present (Fig. 4) . (2)) present in the 3 100-residue domains is indicated by vertical lines, and it is also shown below the alignment. EMBL/GenBank accession numbers are: human TXTP, U25147; human AAC2, M57424; rabbit Efinal, AF004161, and C. elegans Q21153, U00052.
Mitochondrial Ca 2ϩ -binding Carrier Protein
nal acidic half of Aralar (amino acids 1-320) contains three canonical EF-hands that are predicted to bind calcium (18), we expressed an amino-terminal His 6 -tagged truncated version of Aralar (His 6 -p37) in E. coli to study its calcium binding capacity. His 6 -p37 had a molecular mass of 37 kDa as judged by SDS-PAGE (Fig. 5 ). In common with calmodulin and other EF-hand-containing proteins (32, 33) , the migration of His 6 -p37 on SDS-PAGE was higher when the protein was preincubated in the presence of calcium than in its absence. The migration of His 6 -p37 preincubated in the presence of EGTA corresponds to about 37 kDa (Fig. 5, EGTA) , whereas in the presence of Ca 2ϩ , its mobility changes, and it appears as a 33-34-kDa polypeptide (Fig. 5, Ca) . The calcium binding properties of His 6 -p37 were also studied with the 45 Ca 2ϩ overlay method. As shown in Fig. 5 (panels A and B) , His 6 -p37 appears strongly labeled with 45 Ca 2ϩ , indicating that it has high affinity for calcium.
Aralar Expression in COS Cells-To investigate the subcellular distribution of Aralar protein, we subcloned Aralar cDNA into a mammalian expression vector (pCMV5 under control of the cytomegalovirus (CMV) promoter) and inserted a Flag epitope replacing the native translation termination codon (Flag-tagged Aralar, see "Experimental Procedures"). Flagtagged Aralar was efficiently expressed in transiently transfected COS-7 cells and could be readily detected by immunofluorescence with either monoclonal anti-Flag antibody M2 or anti-Aralar antiserum directed against the amino-terminal half of Aralar (Fig. 6, top row) . After immunostaining, a punctate pattern was observed, consistent with Aralar protein being present in intracellular organelles. The distribution pattern of Flag-tagged Aralar was reminiscent of mitochondria in that inmunofluorescence with both anti-Aralar and anti-Flag antibodies revealed a granular cytoplasmic staining and the expected morphology of mitochondria (34) , with no staining in the nucleus or on the plasma membrane. Omission of the primary antibody resulted in the complete absence of immunostaining (results not shown).
To confirm that the Aralar-positive cytoplasmic organelles were mitochondria, we treated Flag-tagged Aralar-transfected COS-7 cells with the mitochondrial-specific fluorescent dye MitoTracker Red CMXRos to label mitochondria in vivo (35) before inmunofluorescence analysis with anti-Flag or anti-Aralar antibodies. As shown in Fig. 6 (second row) , this double-labeling procedure gave a staining pattern for Aralar distribution that overlapped that observed with the mitochondrial marker, demonstrating that Aralar protein was targeted to mitochondria. It should be noted that Aralar overexpression changed the mitochondrial morphology from a filamentous to a punctuate pattern, as observed also for FIG. 3 . Hydropathy profile and calcium binding domains in Aralar. A, the hydropathy profile of amino acids 321-678 of Aralar was calculated by the method of Kyte and Doolittle (43) using the ProtScale program (Expasy) and a window of 11 residues. I-VI represent potential membrane-spanning helices. B, alignment of putative EF-hand domains in Aralar, C. elegans Q21153, rabbit Efinal, and C. elegans Q19529 (accession number Z50873). The amino acids that contribute to the formation of the octahedral Ca 2ϩ coordination cage are labeled x, y, z, Ϫx, Ϫy, and Ϫz. The amino acid residues that do not satisfy the Ca 2ϩ coordination bond of canonical EF-hands are in italics and underlined.
FIG. 4. Northern blot analysis of Aralar expression.
A, a Northern blot (CLONTECH) containing mRNA from various human tissues was hybridized under standard conditions with a 32 P-labeled probe of Aralar cDNA. The blot was washed under high stringency conditions and then exposed to autoradiographic film for 6 h at Ϫ70 C°with two intensifying screens. B, the blot was subsequently stripped and reprobed under identical conditions with a rat ␤-actin control probe. The sizes of the molecular mass markers are given in kb. cells overexpressing mitochondrially located Bax protein (36) , and this effect was not observed at early times after transfection (12-24 h) when immunolabeling with antiAralar antibodies is still weak.
In view of the recent report that a protein with high similarity to Aralar is localized to peroxisomes (Efinal (20)), we have also compared the distribution of Aralar with that of catalase, a bona fide peroxisomal marker, and calreticulin, as a specific marker of endoplasmic reticulum. Flag-tagged Aralar-transfected COS cells doubly stained with anti-catalase and antiFlag antibodies (Fig. 6, third row) or anti-calreticulin and antiFlag antibodies (Fig. 6, bottom row) showed clearly noncoincident immunostaining, ruling out peroxisomal or endoplasmic reticulum localization of Aralar.
Subcellular Localization of Endogenous Aralar-Anti-Aralar antiserum recognized a protein band of apparent molecular mass around 70 kDa in extracts from rat muscle and heart (atrium) (Fig. 7) that closely matches the predicted size (74 kDa) of the polypeptide encoded by Aralar cDNA. While searching in the EST data bases we have noticed that other cDNA(s) with strong similarity to Aralar exist in mouse (see above and also ESTs W76821 and W82002 from mouse embryo).Therefore, it is likely that the protein bands recognized by antiAralar antibodies in rat muscle Western blots correspond to the rat homologue of Aralar.
To study the subcellular localization of endogenous Aralar in brain, a tissue where most of the human ESTs derived from Aralar have been identified, the distribution of Aralar and catalase were studied in mitochondrial and postmitochondrial fractions obtained from rat brain. Fig. 7B shows that Aralar is present in the P2 (synaptosomes and free mitochondria) and in the mitochondrial fraction but is absent in the postmitochondrial supernatant. The mitochondrial fraction is depleted of peroxisomes, as indicated by the absence of catalase. Therefore, these results indicate that endogenous Aralar is present only in mitochondria, as the exogenously expressed protein. DISCUSSION We have identified a subfamily of Ca 2ϩ binding members of the mitochondrial carrier superfamily, with members in yeast, C. elegans, and mammals. In the present work we have isolated a cDNA from a human heart library, Aralar, encoding a protein of 678 amino acids belonging to this subfamily. Localization studies presented here show that both exogenously expressed and endogenous Aralar are clearly mitochondrial, with no evidence for other subcellular localization. In common with most mitochondrial carriers except the phosphate and citrate carriers in mammals (6, 7) , Aralar has no obvious amino-terminal mitochondrial import sequence. With the exception of Candida boidinii Pmp47 (37), the maize brittle-1 protein (38) , and Efinal (20) , the localization of the mitochondrial carrier superfamily is exclusively in mitochondria. This is also the subcellular localization of Aralar.
The excess basic residues present in mitochondrial solute carrier proteins that are specific for anions, such as adenine nucleotide translocase (AAC), is assumed to be necessary for compensation of the charge of the solutes during transport through the membrane (39) . This accounts for the fact that, with the exception of MRS3 and MRS4, most of the members of this family have a very basic pI (12) . Positive charges are present not only in the hydrophilic loops between TM ␣-helices but also in the intramembraneous portion of the protein (40) . Most mitochondrial carrier proteins contain around 17-26 acidic and about 38 -42 basic residues (12), displaying net positive charges of ϩ9 to ϩ18. The carboxyl-terminal half of Aralar (321-678) has 26 acidic residues and 41 basic ones, and its net positive charge is similar to the oxoglutarate and carnitine carriers (2) . In addition, it displays 2 positive residues in TMs 2, 4, and 6 and 1 negative residue in TMs 2 and 4, with an overall charge of ϩ4 in the 6 putative transmembrane helices, like that of the oxoglutarate carrier and adenine nucleotide translocase (15, 1) . These characteristics of the carboxyl-terminal half of Aralar suggest that it may function as an anion carrier.
The most novel finding in Aralar is the presence of four EF-hand domains in its N terminus, one of which lacks the possibility of satisfying the seven Ca 2ϩ coordination positions provided by a bona fide Ca 2ϩ binding EF-hand. These Ca 2ϩ binding domains have been extensively studied and consist of a 12-residue loop flanked on both sides by helices E and F (18, 41) . In all cases, Ca 2ϩ has been found to be held by seven coordination bonds that define an octahedron with vertices X, Y, Z, ϪX, ϪY, and ϪZ. The coordinating oxygens at ϪZ are most frequently the two oxygens of a Glu extending from the F helix but can also be the two ␦ oxygens of an Asp. The coordination atom at ϪY is always a carbonyl oxygen of the peptide backbone that forms the loop connecting the E and F helices, so that the side chain at this position is any one. In most EFhands the coordinating oxygen at ϪX is provided by H 2 O, so that this residue may also be any amino acid. The coordinating atoms at positions X, Y, and Z are most frequently a ␦ oxygen of Asp or Asn, one of the ⑀ oxygens of Glu, the ␥ oxygen of Ser Ca 2ϩ as described (see "Experimental Procedures"). C, Ca 2ϩ -dependent gel mobility shift of His 6 -p37. Similar to other calcium binding proteins, His 6 -p37 showed the characteristic shift in mobility when analyzed by SDS-PAGE. 2 g of His 6 -p37 were incubated for 5 min with 2.5 mM CaCl 2 or 5 mM EGTA and then subjected to SDS-PAGE (12%) followed by protein staining. His 6 -p37 migrated as a 33-kDa protein in the presence of Ca 2ϩ (Ca), and as a 37-kDa protein in its absence when incubated with EGTA, (EGTA).
or Thr, or the sulfur of Cys. A glycine often present between residues Z and ϪY permits a sharp bend in the calcium binding loop. Three of the four putative EF domains found in Aralar (all except the third) are potentially capable of satisfying six of the seven coordination bonds of a bona fide EF-hand. These domains are conserved in the C. elegans putative protein Q21153 and also in Efinal, together with the C. elegans putative protein Q19529 (TRMBL), a homologue of Efinal. These factors make of Aralar a close relative to the large family of calcium-binding proteins with 4 EF-hands, which includes calmodulin, myosin light chain, and parvalbumin among others (42) . However, these similarities by themselves do not prove that the EF-hand domains of Aralar bind calcium. On the other hand, since the N terminus of Aralar shows calcium-dependent mobility shifts FIG. 6 . Localization of Aralar protein in transfected COS-7 cells. Top row, COS-7 cells were transfected with pCMV5 Flag-tagged Aralar. 48 h later Aralar localization was detected in the same microscope field by indirect immunofluorescence with either monoclonal anti-Flag antibody M2 and Cy3-conjugated anti-mouse IgG as secondary antibody or anti-Aralar antiserum directed against the amino-terminal half of Aralar and FITC-conjugated anti-rabbit donkey IgG. Second row, in parallel experiments, these same cells were treated with 500 nM MitoTracker Red CMXRos to stain mitochondria and then fixed and processed for immunofluorescence analysis. Two images of the same field stained with MitoTracker Red CMXRos and for anti-Aralar with FITC-conjugated secondary IgG are shown. Third and bottom rows: pCMV5 Flag-tagged Aralar-transfected COS-7 cells were doubly stained with anti-catalase or anti-calreticulin antibodies and Texas red-conjugated secondary IgG and anti-Flag antibodies and FITC-conjugated secondary IgG. For each row of panels, right-most images were generated by overlaying both images at the left using Adobe Photoshop 3,0. Overlapping patterns thus generated an orange-yellowish signal (top and second rows), whereas nonoverlapping patterns did not (third and bottom rows). No other image processing procedures were applied.
and in calcium overlay experiments shows 45 Ca 2ϩ binding activity, it may be concluded that some of these EF-hands are operational calcium binding domains.
Thus, it is possible that Aralar might act as a calcium binding/transducing protein in which its amino-terminal half confers calcium sensitivity to the activity of its carboxyl-terminal half or to other proteins with which it may interact. It is tempting to suggest that Aralar may function as a calciumregulated mitochondrial anion carrier or as a Ca 2ϩ and anion cotransporter. Since its expression is restricted to the classical excitable tissues, where calcium signaling is responsible for many aspects of cell function, elucidation of the functional role of Aralar is of great interest. FIG. 7 . Subcellular localization of Aralar in rat tissues. A, detection of Aralar protein by immunoblotting with anti-Aralar antibody in rat heart and skeletal muscle. 20 g of solubilized rat protein from both tissues were separated by SDS-PAGE (10%) and probed by immunoblotting using anti-Aralar antibodies. A unique band of approximately 70 kDa was detected in both samples. The positions of molecular mass markers (marked in kDa) are also indicated. B, detection of catalase and Aralar by immunoblotting with specific antibodies in P2 fractions (P), mitochondria (M), and postmitochondrial supernantant (S) from rat brain. Aliquots of 40 g of protein were loaded for each sample. Note that catalase was non-detectable in mitochondrial fractions. ␣-CAT, ␣-catalase antibodies.
